Background/Aims: Obese patients and experimental animals exhibit high levels of inflammatory cytokines, such as tumor necrosis factor (TNF)-α. However, the role of TNF-α in the pathophysiologic process in obesity induced kidney damage is still unknown. Methods: We used TNF-α deficient mice and wild-type (WT) C57/BJ6 mice controls to study the effect of TNF-α on inflammation and oxidative stress in kidney by the model of high-fat diet (HFD) and primary isolated mouse renal proximal tubule cells treated with a mixture of free fatty acids (FFA). Results: Compared with the chow diet group, HFD-fed WT mice had higher urinary albumin and increased levels of renal fibrosis, glomerulosclerosis, inflammation, oxidative stress and apoptosis in the kidney. These changes were co-related with increased expression of TNF-α in the kidney and were attenuated by TNF-α deficiency. In vitro, accumulation of intracellular lipids induced TNF-α expression and oxidative stress in FFA treated primary proximal tubule cells. However, TNF-α inhibition with siRNA or TNF-α deficiency decreased the lipid induced oxidative stress in these cells. Conclusion: These findings suggest that TNF-α plays an important role in the HFD induced kidney damage, and targeting TNF-α and/or its receptors could be a promising therapeutic regimen for progressive nephropathy.
TNF-α Deficiency Prevents Renal Inflammation and Oxidative Stress in Obese Mice
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Introduction
Emerging evidence from clinical and experimental studies suggests that obesity is a chronic pro-inflammatory disease of multifactorial origin with many organs affected by fat accumulation and inflammation [1, 2] . Recently, the studies demonstrated the prevalence of obesity induced kidney damage, which could cause glomerulusclerosis, proteinuria and renal fibrosis [3] [4] [5] . With the marked increase in the prevalence of obesity in adults and children [6, 7] , it has become more important to identify and characterize novel mechanisms in obesity induced kidney disease.
An increasing number of investigations have recently implicated a rather unique role for inflammation and oxidative stress in the pathogenesis of kidney damage in obesity [8] [9] [10] . This is consistent with the notion that obesity is recognized as a chronic low-grade systemic inflammatory disease with accumulation of pro-inflammatory cytokines, such as tumor necrosis factor (TNF)-α, during the onset and progression of obesity [9] . TNF-α was initially identified as a factor that causes transplanted tumors to undergo hemorrhagic necrosis [11] , but later came to be known as a multifunctional cytokine with a role in various disease states, including inflammation and obesity [9, 12] .
It has been shown that TNF-α levels are associated with the development of nephropathy [13] , with diverse actions potentially involved in the development of complications [14] . In type 2 diabetic patients, serum and urine TNF-α level increased significantly with the degree of albuminuria [15] . In rats with renal failure, TNF-α naturalization prevented albuminuria, reduced fibrosis, decreased macrophage infiltration [16, 17] . In TNF-α ob/ob mice, TNF-α inhibition alleviates tissue oxidative injury in several organs, including kidney [18] . Moreover, TNF-α plays an important role in inducing oxidative stress in cardiac myocyte hypertrophy and cardiac dysfunction [19] [20] [21] [22] . However, the role of TNF-α in HFD induced oxidative stress during kidney damage is still unknown. Therefore, we tested the hypothesis that mice lacking TNF-α show protection from obesity-associated nephropathy and that TNF-α mediates obesity induced oxidative stress in kidney proximal tubule cells.
Materials and Methods
Experimental animals and tissue preparation 8-week-female TNF-α deficient (KO) mice and age matched C57/BJ6 wild-type (WT) mice were randomly assigned to feed with a high fat diet (D12331; ResearchDiets, NJ, USA) or control chow diet (ResearchDiets, NJ, USA) (n=8/group). All mice were sacrificed under anesthesia after 8 weeks food intervention and kidneys were harvested. Half of the kidney from each animal was snap frozen in liquid nitrogen and stored at -80°C for RNA and protein extraction. The other half was fixed with formalin for histology. All protocols were approved by the Animal Care and Use Committee of Liaocheng People's Hospital (Shandong Province, China).
Measurement of plasma and urine samples
Laboratory parameters were measured as described [23] . For 24-hour urine collection, individual mice were placed in metabolic cages with access to diets. Urinary albumin and creatinine concentrations were measured with the Albumin mouse ELISA kit (ab108792, Abcam, Cambridge, UK) and Creatinine assay kit (ab65340, Abcam, Cambridge, UK). Urinary H 2 O 2 levels were measured using the Amplex Red H 2 O 2 assay kit (A12214, Invitrogen, CA, US). Urinary 8-isoprostane was measured using the 8-isoprostane EIA kit (516351, Cayman Chemical, Ann Arbor, US). Plasma samples were obtained from aorta blood of 4-hour fasted mice. Plasma cholesterol and triglyceride levels were measured by the Amplex Red cholesterol assay kit (A12216, Invitrogen, CA, US) and the Triglyceride assay kit (ETGA-200, EnzyChrom, Aachen, Germany), respectively.
Assessment of renal pathology and immunostaining
Kidneys were fixed overnight in 10% neutral buffer formalin and embedded in paraffin. Tissue sections were cut at 4 μm and stained for periodic acid-Schiff (PAS) and Masson's trichrome using standard protocols. Number of glomerulosclerosis was counted from PAS stained sections and fibrotic area was assessed from trichrome stained sections as described [3, 24] . Briefly, a blind observer analyzed digital images of random high power fields [25] . The cross-sectional area of fibrosis was determined by using the program Adobe Photoshop [26] . Immunostaining was performed on paraffin sections using a microwave based antigen retrieval technique. The antibody against TNFα (Abcam, Cambridge, UK) was used for the detection of TNF-a. The antibody against 4-HNE (Abcam, Cambridge, UK) was used for the detection of 4-Hydroxynonenal. Sections were treated with the Envision + DAB kit (Dako, Denmark) according to the manufacturer's instruction.
Isolation of kidney RNA and quantification of transcript levels
Total RNA from frozen kidney was isolated by Trizol (Invitrogen, CA, US) and reverse transcribed using oligo-dT priming and SuperscriptII (Invitrogen, CA, US). First-strand complementary DNA was used as the template for real-time polymerase chain reaction analysis with TaqMan master mix and primers (Applied Biosystem, CA, US). Transcript levels were calculated as described and expressed relative to the villin housekeeping gene.
TUNEL staining
TUNEL staining was performed using a TACS TdT Kit (R&D Systems). Briefly, following digestion with 20μg/ml proteinase K for 15 min at room temperature, the sections from the kidneys were peroxidase blocked with H 2 O 2 and sufficient amount of TUNEL reaction mixture was added to cover each section. The slides were then incubated in a humidified chamber for 60 min at 37 °C. After the reaction was stopped, the slides were counter-stained with 0.5% methyl green and examined by light microscopy. The number of TUNEL-positive cells was counted in each kidney section (n=8 kidneys per group, three sections per kidney) under high power magnification, and the mean number of TUNEL-positive cells was calculated as percent/1000 cells.
Caspase 3 activity
Caspase 3 activity was measured using caspase 3 assay kit (CASP3C, Sigma, St Louis, US) according to the manufacturer's instructions. Briefly, kidney tissue was homogenized and centrifuged at 10,000 g for 10 min at 4 degrees. The pellets were lysed and incubated with caspase 3 colorimetric substrate for 2 hours. Absorbance was read at 405 nm and caspase 3 activities were normalized to the protein concentration of kidney lysates.
Kidney MPO detection
Kidney myeloperoxidase was detected by a myeloperoxidase ELISA Kit (ThermoFisher Scientific). All procedures were performed according to manufacture's guideline.
Cell culture, treatment, and oxidative stress staining Primary proximal tubule cells were isolated from kidneys of wild-type or TNF-a deficient mice as described previously [24, 27] . Briefly, kidney cortices from mice were dissected, sliced, minced and digested in 0.25% trypsin solution (Life Technologies BRL, Grand Island, NY) in a shaking incubator at 37°C for 1 hour. Trypsin was neutralized with growth medium DMEM and the suspension was pipetted and was passed through a 100-μm cell strainer. The samples were centrifuged (600 rpm for 5 minutes) to pellet the tubules, washed with 10 ml of medium, centrifuged, and washed twice more. The final pellet, consisting mostly of renal tubules, was re-suspended in culture medium (REBM bullet kit, Clonetics), plated onto culture dishes and incubated at 37°C in a carbon dioxide incubator with medium changes every 2 days until confluent. Experiments were carried out in serum-free DMEM. For Free fatty acids (FFA) studies, proximal tubule cells were incubated with a mixture oleate/palmitate (2:1) or vehicle for 24 hours as described elsewhere [28] . For the RNA interference experiment, cells were pretreated with TNF-α siRNA (50nM) for 24 hours before exposure to FFA. For oxidative stress detection, cells were incubated with CellROX reagent (C10422, Life Technologies) at 37 degree for 30 minutes and fixed with 3.7% formaldehyde before imaging.
Statistical analysis
Data are expressed as mean ± SEM. Data comparison between groups was assessed by one-way ANOVA followed by Bonferroni's test. Statistical analyses were performed with GraphPad software.
Results

General features of high-fat diet induced obese mice
To analyze the effect of TNF-α in high-fat diet (HFD) induced kidney damage, TNF-α deficient mice (KO) were treated by high-fat diet (HFD-KO) and were compared with wild-type mice (WT), which were treated by either normal chow (chow-WT) or high-fat diet (HFD-WT). TNF-α deficient mice develop normally and have no gross structural or morphological abnormalities compared with wild-type mice. As expected, after 8 weeks of dietary intervention, both HFD-WT and HFD-KO mice had higher bodyweight than agematched chow-WT controls (Table 1) . Kidney weight was increased by HFD feeding (Table  1) . Plasma levels of cholesterol and triglyceride were significantly higher in HFD induced obese WT and KO mice (Table 1) . TNF-α deficiency did not affect bodyweight and kidney weight, as well as plasma cholesterol and triglyceride levels, indicating a similar change of obesity in both groups. On the other hand, urinary albumin/ creatinine ratio was significantly increased in obese HFD-WT mice, which suggests kidney damage incurred by HFD (Table 1) . Urinary albumin/creatinine ratio is applied to test the risk of developing kidney disease. Interestingly, TNF-α deficiency markedly reduced albuminuria by 50% approximately, which indicates a negative role of TNF-α in HFD induced kidney dysfunction (Table 1) .
TNF-α deficiency protects kidney from high-fat diet induced renal fibrosis and glomerulosclerosis
HFD induced obesity caused significant histological changes in the kidney, characterized by deposition of interstitial matrices and focal glomerulosclerosis [4, 28] . Masson and PAS staining showed representative histologic findings at 8 weeks after HFD in WT mice (Fig.  1A b, e and B b, e). These changes were less severe in HFD-KO mice (Fig. 1A c, f and B c, f). To examine these pathological changes quantitatively, the interstitial fibrosis area and the glomerulosclerosis in every specimen were measured. Interstitial fibrosis deposition was increased approximately 5-fold in the kidneys of HFD-WT mice compared to kidneys of chow-WT mice (Fig. 1B) . Besides, HFD increased the number of PAS positive staining glomeruli in WT kidney (Fig. 1C) . However, these increases were less severe in HFD-KO mice than in WT obese mice, indicating that TNF-α deficiency protected kidney from HFD induced interstitial fibrosis and glomerulosclerosis.
TNF-α deficiency abates HFD induced inflammation, oxidative stress and apoptosis
To determine the mechanism of glomerular and tubulointerstitial damage, we examined markers of inflammation, macrophage infiltration and oxidative stress, three major pathways induced by TNF-α. HFD resulted in significant over-expression of TNF-α at both protein and mRNA levels in the kidneys of HFD-WT mice ( Fig. 2A b and B) . As a negative control, TNF-α deficient mice did not show any expression of TNF-α after HFD intervention ( Fig. 2A c and B) . The mRNA expression levels of F4/80, IL1βand IL6 were markedly increased in the HFD-WT kidney and decreased in the HFD-KO kidney, indicating less macrophage and monocyte infiltration in TNF-α deficient mice (Fig.2C, D and E) . Moreover, myeloperoxidase (MPO), a peroxidase enzyme relates directly to inflammation initiation and oxidative damage, was increased in the HFD-WT and decreased in the HFD-KO kidney (Fig. 2F) .
Because TNF-α is proposed to be the major contributor to oxidative stress in obesity [9, 10 , 29], we tested urinary H 2 O 2 , 8-isoprostane and checked immunostaining for 4-HNE on kidney sections, all of which are markers for oxidative stress. In HFD-WT group, the urinary levels of H 2 O 2 and 8-isoprostane and the intensity of 4-HNE staining were markedly elevated (Fig. 2G, H and I b) , suggesting that enhanced oxidative stress was induced by HFD. TNF-α deficiency significantly reduced the elevated levels of urinary H 2 O 2 and 8-isoprostane and the increased 4-HNE (Fig. 2G, H and I c) . At the meanwhile, HFD induced significant increases of Nox2 and Nox4 mRNA expression and a decrease in the mRNA expression levels of Cu, Zn-SOD, an antioxidant enzyme, which protects tissues from oxidative stress, in the HFD-WT kidneys. Instead, these changes were abated by TNF-α deficiency (Fig. 2J, K and L) .
Given that elevated TNF-α and oxidative stress levels could cause DNA damage and apoptosis, we checked TUNEL staining of kidney sections from each group. Positive staining of apoptotic cells (indicated by arrows) was markedly increased in the HFD-WT kidneys compared with the chow-WT kidneys, however, the extent of positive staining was limited in the HFD-KO kidneys (Fig. 3A a to c) . A quantitative analysis showed that the amount of apoptotic bodies in HFD-WT kidneys was approximately 2 times higher than in Chow-WT and HFD-KO kidneys (Fig. 3B) . Caspase 3 belongs to a family of evolutionarily conserved cysteine proteases that play a permissive role for cell apoptosis. In the present study, caspase 3 activity results confirmed the result of TUNEL staining (Fig. 3C) . HFD-WT kidneys showed a higher caspase 3 activity than chow-WT kidneys, and HFD induced apoptosis was declined by TNF-α deficiency.
Taken together, these data suggest that HFD-induced TNF-α overexpression could result in inflammation, macrophage infiltration and oxidative stress in the kidney, and that TNF-α deficiency abates such damage.
Regulation of oxidative stress in proximal tubule cells incubated with free fatty acids
Free fatty acid (FFA) accumulation is among the main causes of obesity induced oxidative stress [30] . To address if the elevated oxidative stress in HFD-WT kidney is mediated by TNF-α, we isolated kidney proximal tubule cells from the WT and TNF-α deficient mice, and incubated the cells with a free fatty acid mixture. Subsequently the expression of TNF-α and inflammatory cytokines and the level of oxidative stress were measured. TNF-α was increased at the mRNA level in WT cells after FFA treatment, whereas this increase was abrogated in the WT cells, which were pretreated with TNF-α siRNA (Fig. 4A) . As a negative control, cells from TNF-α deficient mice did not show any expression of TNF-α (Fig. 4A) . These results indicate that free fatty acids directly induce TNF-α expression in the kidney. Meanwhile, mRNA expression levels IL6 were also induced by FFA in WT cells, indicating that TNF-α de novo synthesis in the proximal tubule cells could promote the expression of inflammatory cytokines (Fig. 4B) . However, these increases were abolished by TNF-α deficiency. Moreover, detection of oxidative stress by deep red probes showed a higher degree of staining in WT cells with FFA treatment than control WT cells (Fig. 4C a and b) . The intensity of the signal from positive staining was less in TNF-α siRNA pretreated cells or in KO cells, which is in agreement with the results of urinary and mRNA analysis obtained from obese mice (Fig. 4C  c and d ). In conclusion, these results suggest that TNF-α could mediate FFA induced oxidative stress and a decrease in TNF-α expression could protect kidney proximal tubule cells.
Discussion
In summary, the present study demonstrates that TNF-α deficiency protects the kidney against inflammation, oxidative stress and apoptotic injury in obesity. In this study, HFD led to higher plasma levels of cholesterol and triglyceride, however, TNF-α deficiency did not affect these parameters. Nonetheless, TNF-α deficiency significantly attenuated obesity induced albuminuria and kidney damage, favoring the beneficial effect of TNF-α deficiency and the decrease in inflammation, oxidative stress status and apoptosis. Further analysis revealed elevated levels of apoptosis-associated markers TNF-α, caspase 3 and the number of apoptotic bodies in the kidneys from obese mice. Intriguingly, TNF-α deficiency attenuated, to various extents, obesity-associated increases in these markers in the kidney. Moreover, primary culture of renal proximal tubule cells revealed that free fatty acids (FFA) induced the expression of TNF-α which could further result in oxidative stress. Both TNF-α inhibition and TNF-α deficiency could decrease FFA induced oxidative stress in these epithelial cells. Collectively, these data indicate that TNF-α plays an important role in obesity induced kidney damage and TNF-α deficiency could result in potential benefits in kidney function, possibly via attenuation of inflammation, oxidative injury and apoptosis.
Obesity is associated with impaired lipid metabolism and insulin resistance [31] , which are promoted by elevated inflammatory cytokine levels [9, 32] . This is supported by our observation of hypercholesterolemia and hypertriglyceridemia in HFD induced obese mice. TNF-α could promote hepatic steatosis by inducing Srebp-1c and disrupting phospholipid homeostasis in mice with nonalcoholic steatohepatitis [33, 34] . Moreover, pro-inflammatory cytokines, such as TNF-α and IL6, regulate the expression of lipid transporters, namely MDRs and MRPs, which could affect the excretory capacity for lipids and anionic conjugates [35] . Although it was reported that fasting plasma glucose was significantly decreased in obese TNF deficient mice compared to obese wild type controls, characterization of TNF deficient homozygotes injected with gold-thioglucose to induce hyperphagic obesity indicates that the presence of TNF-α does not affect the degree of obesity [36] . Consistent with that, the present study showed that direct deficiency of TNF-a failed to alter obesityassociated hypercholesterolemia and hypertriglyceridemia, which indicates that additional factors are involved in such disorders. Our previous study of microarray analysis examined genes differentially expressed in the kidney from obese mice and found out that the Fxr (farnesoid x receptor) signaling pathway was activated [3] . Since Fxr is a bile acid receptor regulating glucose and lipid homeostasis, it is likely to play a key role in obesity induced kidney damage [37] . Further in vitro and in vivo studies are required to elucidate these potential mechanisms. Obese individuals and experimental animals often exhibit higher levels of inflammation and oxidative stress [9, 10] , which are related to increased adiposity and fat accumulation. Chronic inflammation and oxidative stress in obesity result in the onset and development of kidney damage [38] . Tumor necrosis factor (TNF)-α is a molecule with central roles in inflammation and inflammation induced organ injury in obesity [8, 32, 39] . TNF-α could promote inflammation, induce oxidative stress and regulate apoptosis [10, 29, 40] . Targeting TNF-α and/or its receptors has been demonstrated as a promising therapeutic regimen for insulin resistance and type 2 diabetes [41] . Recent studies demonstrated that TNF-α inhibition could alleviate cardiomyocyte contractile dysfunction in ob/ob obese mice [42] and protect against myocardial ischemia/reperfusion injury [26] . In the present study, levels of TNF-α were significantly increased in the kidney of obese mice, which exhibited albuminuria and higher degrees of inflammation, oxidative stress and cell apoptosis. Moreover, TNF-α deficiency abated such pathophysiologic changes, which is in line with a recent study demonstrating that TNF-α inhibition alleviates kidney oxidative injury and apoptosis in ob/ob mice [18] .
Lipid accumulation, which is common in obesity, leads to cellular dysfunction and injury. This process has been described in multiple tissues including the heart, liver and kidney. Such cellular dysfunction and injury result from accumulation of free fatty acids (FFA) and their toxic metabolites. However, FFA induced nephropathy and the role of TNF-α involved in such kidney damage are not fully understood. The proximal tubules may be particularly vulnerable to FFA due to its role in reabsorption of FFA. In our study, exposure of cultured proximal tubule cells to FFA led to an increase in TNF-α, which could be inhibited by TNF-α siRNA treatment. Our results indicate a causative role of fat accumulation in increasing TNF-α levels in proximal tubular cells. Increased in vitro expression of TNF-α by proximal tubular cells incubated with FFA correlated with increased levels of oxidative stress and is in line with our in vivo experiments in obese mice. Furthermore, exposure of proximal tubular cells to FFA increased oxidative stress, and this increase was reversed by TNF-α inhibition or deficiency. These results indicate that FFA promotes oxidative stress through the induction of TNF-α.
Conclusion
Taken together, high fat diet induced TNF-α expression in the kidney and elevated TNF-α expression result in inflammation, oxidative stress and apoptosis. Moreover, TNF-α deficiency protects kidney from obesity induced albuminuria and kidney damage. In vitro studies showed that TNF-α expression was induced by free fatty acids and that TNF-α could mediate free fatty acid-induced oxidative stress.
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